Disease-associated variants in the human genome are continually being identified using DNA sequencing technologies that are especially effective for Mendelian disorders. Here we sequenced whole genome to high coverage (>30×) of 6 members of a 7-generation family with dwarfism from a consanguineous tribe in Pakistan to determine the causal variant(s). We identified a missense variant rs111033552 (c.2011T>C [p.Ser671Pro]) located in COL10A1 (encodes the alpha chain of type X collagen) as the most likely contributor to the dwarfism. We further confirmed the variant in 22 family members using Sanger sequencing. All affected individuals are heterozygous for the missense mutation rs111033552 and no individual homozygous was observed. Moreover, the mutation was absent in 69,985 individuals representing >150 global populations. Taking advantage of whole-genome sequencing data, we also examined other variant forms, including copy number variation and insertion/deletion, but failed to identify such variants enriched in the affected individuals. Thus rs111033552 had priority for linkage with dwarfism.
Introduction
Human height is a classical quantitative trait and previous genome-wide association studies have identified hundreds of loci or genes that contribute to height predisposition (Chan et al. 2015; He et al. 2015; Wood et al. 2014) . However, the association strategies usually explain a small proportion of the observed phenotypic variance under study, which is considered "missing heritability" (Koch 2014; Manolio et al. 2009 ). In contrast, in some special cases, height could be a Mendelian trait and strongly affected by a single locus. Skeletal dysplasias are the most common type of dwarfism, characterized by abnormal bone growth and a disproportionate body. A distinct example is metaphyseal chondrodysplasia, Schmid type (MCDS) [OMIM, 156500] which is characterized by short stature with abnormally short arms and legs (short-limbed dwarfism) and bowed legs (genu varum), coxa valga, metaphyseal widening and sclerosis (Ikegawa et al. 1997 (Ikegawa et al. , 1998 McIntosh et al. 1994; Wallis et al. 1996) . Next-generation sequencing (NGS) is a new powerful tool for identifying genes that underlie Mendelian disorders (Bamshad et al. 2011; Ng et al. 2010) . We enrolled a 7-generation dwarf family with typical MCDS syndromes from an isolated consanguineous tribe in Pakistan to identify the gene(s) C Zhang and J Liu contributed equally to this work. associated with MCDS to determine the causal genetic variant(s). Whole-genome deep sequencing (WGS) was used to offer complete coverage of the coding region of the genome and it allows examination of variants in non-coding regions, without omitting regulatory regions such as promoters and enhancers (Meienberg et al. 2016 ).
Materials and methods
Blood samples were collected from an isolated consanguineous tribe in the Sikhaniwala region in District Rajanpur of Punjab Province (Pakistan). Written informed consents were obtained from all subjects at the time of enrollment. All experimental protocols and subject handling procedures were approved by the Six individuals (VI-1, VI-5, V-2, V-19, VI-27, and VI-30) were selected for WGS ( Fig. 1 and Table 1 ). WGS was carried out on Illumina HiSeq X Ten, with a target high coverage (30-60×) for 150 bp paired-end reads, following Illumina-provided protocols with standard library preparation in WuXiNextCODE. Each sample was run on a unique lane with at least 90 GB data that passed filtering and the reads data were quality controlled to ensure that 80% of the MCDS patient at 15 years of age (VI-10 shown in a). c A normal individual (VI-14 shown in a). MCDS patient had bowed lower legs, coxa valga, metaphyseal widening and sclerosis, and radiography of the normal subjects is quite normal. (Abyzov et al. 2011 ). Genotype quality control followed the pipeline described elsewhere (Lu et al. 2016; Mallick et al. 2016) . The summary of the NGS data and the called variants are listed in Tables S1 and S2 , respectively. The overall framework for data analysis is illustrated in Figure S1 . To narrow causal variants, we used pedigree information as a first line of filtering. Normal individuals should be homozygous wild type and affected ones should harbor at least one mutated allele (Tables S3 and S4) , since the inheritance mode of this disorder is autosomal dominant. Assuming a pathogenic allele to be extremely rare, we then filtered variants against a set of high allele frequency polymorphisms (>0.5%) in worldwide populations according to public databases (dbSNP, the 1000 genomes project (1000 Genomes Project et al. 2015 , the NHLBI Exome Sequencing Project (ESP) database and the Exome Aggregation Consortium (ExAC) database (Bahcall 2016) (Table S3) . We further annotated and ranked the genetic variants by type according to genetic location, conservation according to combined annotation-dependent depletion (CADD), GERP, Polyphon2, and SIFT, and pathogenicity according to OMIM and ClinVar databases (Table S3 ). All genetic annotation was performed with a variant effect predictor tool (VEP) (McLaren et al. 2016 ) and our in-house python script.
A standard Sanger sequencing approach was used to identify genotypes of 18 candidate SNPs screened from NGS data. Primers were designed with Primer 3.0 (Table S4) . PCR was performed with HotStarTaq DNA Polymerase (Qiagen Inc.). A 20-µl mixture was prepared for each reaction and included 1 × GC buffer I (TAKARA), 2.5 mg Mg 2+ , 0.2 mg dNTP, 0.2 µM of each primer, 1 U HotStarTaq DNA Polymerase (Qiagen Inc.) and 1 µl of dilution DNA at a concentration of 10ng/µl, 0.5 U SAP and 4 U Exo I were added into 8 µl PCR product for purification. The mixture was incubated at 37°C for 60 min, followed by incubation at 75°C for 15 min. Purified PCR products were sequenced with a Big-Dye Terminator Cycle Sequencing Kit and an ABI 3730XL Genetic Analyzer (Applied Biosystems) and raw data were analyzed with PolyPhred 6.18.
X-ray radiography was performed to verify the symptom of dwarfism with lower limbs for an affected individual VI-10 and a normal individual VI-14 (Fig. 1b) .
We applied LOD score, that is, logarithm (base 10) of odds, a statistical test commonly used for linkage analysis, to validate the association between the candidate locus (rs111033552) and MCDS in the family (V-1, V-2, VI-1, VI-3, VI-4, VI-5, VI-6, VI-7, and VI-8) from the pedigree. The LOD score compares the likelihood of obtaining the test data if two loci are indeed linked to the likelihood of observing the same data purely by chance. A LOD score >3.0 is considered evidence for linkage, while a LOD score <−2.0 indicates no linkage.
Results
The 7-generation pedigree from a family with dwarfism consisted of 110 members, including 47 individuals with short stature and 63 individuals with normal heights (Fig. 1a) . The trait of short stature was brought to the pedigree by a female from the second generation, II-6, the first person defined as dwarf in the family (Fig. 1a) . The average height of the affected individuals and non-affected ones were 128.5 ± 13.1 and 160 ± 14.5 cm, respectively (Table 1) . Radiographic features of lower limbs of the affected individual (VI-10) are bowed lower legs, coxa valga, metaphyseal widening, and sclerosis, while those of the normal individual (VI-14) are quite normal. These identifiable features of lower limb presented in affected individuals are in accordance with that of MCDC, an autosomal dominantly inherited cartilage disorder (Bateman et al. 2005; Ikegawa et al. 1998) (Fig. 1b) . Intellectual disability was not identified in any enrolled subject.
To identify gene(s) and variant(s) in the MCDS pedigree, we sequenced whole genomes of 6 individuals (VI-1, VI-5, V-2, V-19, VI-27, and VI-30 in Fig. 1a ). WGS analysis revealed 5.02 million SNPs including 4.9% novel SNPs (dbSNP147) (Tables S1 and S2). After sequencing and data filtration ( Figure S1 ), we obtained 29,123 variants meeting requirements of mode of dominant inheritance and segregation in families (Table S3) . Required variants should be with allele frequencies <0.5% across worldwide populations, so 1370 variants were left for further filtration. We pinpointed the damaging missense single-nucleotide variant (SNV), rs111033552 located in the third exon, at nucleotide 2011of COL10A1 as the most likely causal variant underlying the dwarfism in this isolated family based on pathogenicity and conservation prediction. Each affected sequenced subject carried a heterozygous allele (A/G) at rs111033552, while normal individuals had reference homozygotes (Fig. 2a) . Moreover, we calculated LOD score for rs11103355 and obtained a value of 4.16. This result, in conjunction with WGS filtering approaches we used, supported that rs11103355 is likely the causal variant.
Further, we validated the variant in 22 individuals (Table 1) by examining COL10A1 region and another 17 candidate genes using Sanger sequencing (Tables S4 and  S5 ). Among the 22 samples, all individuals (17) with short stature harbored a heterozygous mutation (A/G) at rs111033552 (Fig. 2b) . The other five normal individuals carried normal genotype at this genomic position. This variant is extremely rare and has never been reported in Exome Aggregation Consortium (ExAC) database, the 1000 genomes project database (1000 Genomes Project et al. 2015 , Simons genome diversity project (Mallick et al. 2016) , or NHLBI Exome Sequencing Project (ESP) database (Fig. 2c) .
Conservation is a critical criterion for measuring the importance of a certain variant on an evolutionary scale. The CADD score, which ranks deleteriousness of SNVs within the human genome, is 17.4 for rs111033552, indicating that it is predicted to be in the top 2.5% of most damaging derangements for the genome. The 671st residue on which rs111033552 is located is extremely conserved from zebrafish to human (GERP++ score of 3.88; Fig. 3 ) and this variant is predicted to be deleterious according to several prediction algorithms, including Phylop score, phastCons, PolyPhen (probably damaging (0.993)), SIFT (deleterious (0)), and ClinVar (Pathogenic) (Fig. 3) . These results support the contention that the amino acid change made by rs111033552 is likely to exert a specific functional effect on the protein.
When the variant rs111033552 changes the 671st amino acid (located in the third exon) of COL10A1 from Serine to Proline (p.Ser671Pro), it changes a polar side-chain to non polar side-chain (Figs. 3 and 4) . COL10A1 encodes the alpha chain (α1 [X]) of type X collagen, which is a homotrimer of three α1 (X) chains, each comprised of collagenous domain (COL1) flanked by a N-terminal noncollagenous domain (NC2) and C-terminal noncollagenous NC1 domain (Bateman et al. 2005) . Of note, the 3-kb terminal exon (exon 3) of COL10A1 codes for most of the protein sequence of collagen X, including the NC1, the entire COL1 domain, and part of the NC2 domain (Bateman et al. 2005) . During endochondral ossification, collagen X is highly expressed by hypertrophic chondrocytes, which are key to bone development (Bateman et al. 2005; Schmid and Linsenmayer 1985) . Failed assembly of the homotrimer of collagen X can cause severe bone disorders.
Discussion
In addition to rs111033552, which was first identified in an US family with dwarfism in 1996 (Stratakis et al. 1996) , approximately 50 mutations in COL10A1 have been reported in families of different ethnic origins with MCDS across the globe (Bateman et al. 2005; Higuchi et al. 2016 ). The variant rs111033552 might play a role in preventing the formation of stable NC1 trimers collagen X, as it is located within the solvent-filled region of the trimer center and changes the amino acid polarity (Bateman et al. 2005 ) (Fig. 4) . Based on the collected pedigree, the mutation is heterozygous and the homozygous form (G/G) is lethal. An individual with A/G genotype of rs111033552 is not able to express sufficient protein needed for conformation of collagen X homotrimer and this would lead to MCDS. Single base changes in COL10A1 have been divided into three classes: class I mutations influence residues within the hydrophobic core of the NC1 domain and were predicted to cause misfolding of NC1 domain; class II mutations are located at the surface of the monomer that is associated with intersubunit assembly were predicted to prevent normal trimer formation; class III mutations affect residues located at the surface of trimer and were predicted to affect interactions associated with the supramolecular assembly of collagen X. Moreover, nonsense and frameshift mutations in COL10A1 were also studied in MCDS patients. Nonetheless, few mutations have been validated for their pathogenic mechanism in vitro and in vivo (Ho et al. 2007) , leaving the function of the major variants unresolved. Advances in conservation prediction algorithms and the abundance of human genomic data enable us to estimate the functional importance of these variants with unknown function. We therefore prioritize variants associated with MCDS including rs111033552 and those collected from previous studies (Table S6 ). Our analysis showed that this mutation is one of the 12 variants absent from global populations and is highly conserved, indicating that the genetic basis of MCDS is highly heterogeneous and such allelic heterogeneity is pervasive in other Mendelian disorders (Pritchard and Cox 2002) . The known history of miscarriages and stillbirths in the family suggested that homozygous mutated genotype (G/G) of rs111033552 is lethal. For example, IV-13 and VI-3 both had one abortion with developmental abnormalities. In both cases, the couples carried a heterozygous genotype, that is, Fig. 4 Structure of human collagen X NC1 trimerNC1 is encoded by exon 3 of COL10A1. Blue arrows show the position of the missense mutation (rs111033552) that changes the 671st amino acid of COL10A1 from Serine to Proline (p.Ser671Pro). Structure obtained from NCBI structure database. A/G, thus the pregnancy loss was likely due to a homozygous mutated genotype (G/G) carried by a baby. However, collagen X deficiency in mice (col10a1−/− mice) could be born, though the null mutations have phenotypic consequences which partially resemble MCDS in human (Kwan et al. 1997) . The reason might be that the late onset of coxa vara and the relatively milder phenotypic changes in collagen X mutant mice (Kwan et al. 1997) . One of the underlying mechanisms of MCDS could be haploinsufficiency that one mutated allele lead to an abnormal function copy of collagen X (Wallis et al. 1994; Warman et al. 1993 ). An alternative explanation of the SMD phenotype is that the truncated α1(X) chain collagen chains cause a dominant negative effect because of the deposition of abnormal collagen X in the matrix (Kwan et al. 1997 ). Development of genomic technology greatly facilitate human disease mapping, and now it is feasible to locate disease-associated alleles by WGS, which allows examination of SNVs, indels, structure variations (SVs) and CNVs in coding and non-coding regions of the genome, without omitting regulatory regions, such as promoters and enhancers (Meienberg et al. 2016) . In addition to SNPs, we examine other variant forms but failed to identify other promising variants associated with this disorder. One exception was that we identified a~88 kb deletion (81134201-81222500) on chromosome 16 overlapping gene PKD1L2 in some affected family members, and it was absent from two healthy individuals. Moreover, there is no such CNV in the 1000 Genomes Project phase 3 data or in DGV database. PKD1L2 seems to be a polymorphic pseudogene in human and encodes one member of the polycystin protein family. The protein may function as a component of cation channel pores. But no study report that PKD1L2 is associated with MCDS, although one study (Mackenzie et al. 2009 ) reveals that upregulation of PKD1L2 cause neuromuscular disease in mouse and short form of PKD1L2 in human is expressed in the developing and adult heart as well as kidney (Yuasa et al. 2004) . Nonetheless, the deletion only presents in four patients (two homozygous deletions and two heterozygous deletions), which thus could not explain the shared drawf status of all 17 affected individuals.
Taken together, the missense variant c.2011T>C (p. Ser671Pro) in COL10A1 is linked to the dwarfism in this Pakistan family. It is one of the 12 variants that are absent from global populations and highly conserved in evolution, indicating its functional importance despite its allelic heterogeneity. Our study also demonstrated that WGS is a powerful approach to determine functional variants associated with Mendelian disorders, which offers complete coverage of the coding region of the genome and allows examination of variants in non-coding regions. 
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